Since interleukin (IL)-10 is a key mediator of immunosuppression, and immunosuppression is considered an important element of helminth infection, we studied variants of the putative IL-10 gene promoter in 337 individuals from 130 families heavily exposed to infection by the tissue nematode Onchocerca volvulus. As shown by transmission disequilibrium tests, variants of the IL-10 promoter at positions -1082(G/A), -819(C/T), and -592(C/A) in the haplotype of ATA were significantly associated with high peripheral blood cell (PBC) proliferative responses to O. volvulus antigen (OvAg). No associations were observed using phytohemagglutinin-induced PBC proliferation or with qualitative or quantitative phenotypes of onchocerciasis or onchocerciasis-related skin disease. The findings are compatible with the hypothesis that the ATA haplotype causes a decrease in IL-10 production by OvAg-reactive type-1 regulatory T-lymphocytes, thereby alleviating the suppression of other T cells. To our knowledge, this is the first time that an influence of IL-10 promoter variants is shown on the adaptive immune response.
Introduction
Interleukin (IL)-10 is considered a key mediator of immunosuppression and tolerance. 1 It appears to be primarily produced by monocytes and T regulatory (Tr)1-lymphocytes and to act on a number of cells, including monocytes, helper and cytotoxic T cells as well as B cells.
IL-10 was shown to play a role in a broad variety of tumors, autoimmune and infectious diseases. 1 Evidence for its immunosuppressive activity has been based on the observations that (i) increased production of IL-10 ex vivo and in animal models was associated with states of immunosuppression, 2, 3 (ii) neutralizing antibodies to IL-10 reversed hyporesponsiveness of T cells ex vivo, 4, 5 and (iii) deletion of the IL-10 gene rendered mice more resistant to tumors or infection and more susceptible to infection pathology or autoimmune disease. [6] [7] [8] [9] Substantial interindividual variability has been noted in several studies with humans, and heritability of high or low IL-10 secretion was observed. 10, 11 Polymorphisms in the putative promoter region of the human IL-10 gene were identified and correlated to high or low IL-10 production of peripheral blood cells (PBCs) upon in vitro stimulation with lipopolysacharide (LPS) or concanavalin A (ConA). 12, 13 Variants at positions -2849 (G/A), -1082(G/A), -819(C/T), and -592(C/A) were found to be involved, whereby the variants at positions -1082, -819, and -592 occurred in haplotypes of ATA and GCC. [12] [13] [14] [15] A number of studies have been presented providing evidence for associations between these IL-10 promoter variants and infectious or autoimmune diseases, including meningococcal infection, fatal septicemia, systemic lupus erythematodes, reactive arthritis, psoriasis, Sjogreń s syndrome, and multiple sclerosis. 10, 12, [16] [17] [18] [19] [20] So far, it has not been studied, however, whether IL-10 promoter variants influence lymphocyte proliferation upon antigen stimulation, a major regulatory function attributed to IL-10.
Infections with the tissue nematode Onchocerca volvulus cause a spectrum of clinical manifestations ranging from poles of immunosuppression to immunopathology. 21 Immunosuppression is marked by high numbers of the larval microfilariae without significant immune reactions, whereas immunopathology is characterized by various forms of immunoreactive dermatitis. 22 A role of IL-10 in onchocerciasis has been documented by showing that T-cell hyporesponsiveness in vitro is reversed by neutralizing antibodies to IL-10. 23 Here, we describe studies of individuals infected with the tissue nematode O. volvulus and show that promoter haplotypes of IL-10 influence in vitro proliferation of PBCs in response to O. volvulus antigen (OvAg).
Results

Phenotypes studied
Included were 337 individuals who had been heavily exposed to transmission of the tissue nematode O. volvulus. Their skin microfilaria counts ranged from 0 to 307/mg tissue. Approximately one-third of them (115 out of 337) had immunoreactive onchodermatitis, including acute and chronic papular dermatitis, atrophy, and lichenified dermatitis. 22 The proliferation of PBC was studied in whole-blood cultures on stimulation with OvAg or phytohemagglutinin (PHA).
Promoter polymorphisms and haplotypes
The determination of sequence variants at positions -2849, -1082, -819, and -592 of the putative IL-10 promoter confirmed the previously described A/G, A/ G, C/T, and A/C polymorphisms, respectively. As reported, variants at positions -1082, -819, and -592 could be grouped into haplotypes of ATA, ACC, and GCC. Of the polymorphism at position -2849, both the A and G alleles occurred in individuals homozygous for ACC, ATA, and GCC. The -2849 G allele was found linked to the ATA haplotype as it was present in homozygosity in 128 of 131 individuals homozygous for ATA. A calculation of the linkage disequilibrium between the loci at -2849 and -1082 yielded a deltasquare value of 0.096, indicating a significant but incomplete linkage disequilibrium (P ¼ 0.0001).
Effect of promoter variants
For the genetic analyses, transmission disequilibrium tests (TDTs) are applied. TDTs measure deviations from random transmission of genetic variants from parents to their children. By this intrafamilial design, TDTs are resistant to misinterpretations due to population substructures and therefore are considered superior to case-control analyses. Here, the parental individuals of 130 families were included, who, together with the study subjects, formed 337 parentchild trios. All variants found at positions -2849, -1082, -819, and -592 were tested for associations with: (i) the presence of O. volvulus infection as indicated by the presence of microfilariae, (ii) the intensity of O. volvulus infection as assessed by the numbers of microfilariae, (iii) the presence of immunoreactive onchodermatitis, (iv) OvAg-reactive PBC proliferation, and (v) PHA-reactive PBC proliferation. Significant associations were found between OvAg-reactive PBC proliferations and the variants at positions -819 (explained proportion of variance r 2 ¼ 0.02) and -592 (r 2 ¼ 0.02), but not for the -1082 and -2849 variants (Table 1) . Moreover, the ATA haplotype of the -1082/-819/-592 variants (r 2 ¼ 0.02) was also found to influence PBC proliferation significantly (Table 1) . Since the QTDT test does not show the direction of a genetic effect, we plotted the individual proliferation values grouped according to the presence or absence of the ATA haplotype ( Figure 1 ). Individuals homozygous for ATA showed higher O. volvulus-reactive proliferative responses than individuals heterozygous for the ATA haplotype or lacking ATA (mean7s.d.: 3.0570.57 log counts per minute (cpm), 2.8970.61 log cpm, 2.8170.61 log cpm, respectively). No significant associations of the genetic variants studied were observed with PHA-induced PBC proliferations, with the presence or numbers of microfilariae or with immunoreactive onchodermatitis. 
Intensity of infection
OvAg-induced PBC proliferation
Significance levels were obtained by the TDT option of the Genehunter software.
b Significance levels were obtained by the orthogonal test option of the QTDT software and confirmed using 10 000 permutations. The empirical significance threshold (P) of 0.05 was determined by permutations and corresponded to an QTDT P-value o0.0129. 
Discussion
The functional relevance of polymorphisms in the putative IL-10 gene promoter has been demonstrated using cells stimulated with LPS or ConA in vitro.
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Here, we show a significant association between antigenreactive proliferation of PBC and the ATA haplotype of variants at positions -1082, -819, and -592 (Table 1 , Figure 1 ). To our knowledge, this is the first time that an effect of IL-10 promoter polymorphisms is shown on an antigen-driven immune response. No significant association was found with an additional polymorphism at position -2849. IL-10 may be produced by macrophages, T-and Blymphocytes. 1 Previous studies have used LPS to stimulate macrophages or ConA to activate T-lymphocytes. IL-10 production has been determined in wholeblood-cell cultures or in cultures of isolated cell populations. [12] [13] [14] [15] Applying either LPS or ConA, promoter variants of -1082(G/A), -819(C/T), and -592(C/A) in haplotypes of GCC and ATA have been shown to be associated with high and low IL-10 production, respectively, indicating that these variants are functionally relevant in both macrophages and T cells. [12] [13] [14] [15] In addition, the AA genotype of an A/G polymorphism at position -2849 has been found associated with low IL-10 production upon strong macrophage stimulation with LPS. 12 We applied soluble antigen of the helminth parasite O. volvulus, and, as a read out, we did not measure IL-10 production but determined the proliferative response in whole-blood-cell cultures. Since Tlymphocytes are the only blood cell population able to proliferate, it is generally accepted that the assay measures T-cell responses. 24 We therefore hypothesize the following sequence of events to have taken place in our culture system: OvAg was taken up by antigenpresenting cells such as monocytes and B cells; these cells presented the antigen to O. volvulus-primed T cells, among them Tr1 cells; and these Tr1 cells were activated to produce IL-10, which inhibited the proliferation of other T cells. Accordingly, we found high proliferation associated with the ATA haplotype, which has previously been shown to be associated with reduced IL-10 production. 15 That we did not observe an effect of the A/G polymorphism at position -2849, which has been identified in LPS-stimulated macrophages, might indicate that this variant has only a minor or no functional role in T cells. Furthermore, we did not observe an effect of the promoter variants on PHA-stimulated cells, which has been observed in ConA-stimulated cells using IL-10 concentration as a read out. Whereas PHA and ConA may have comparable effects, 25 the difference might be explained by the different read outs: the nonspecific stimulatory effect of PHA on the other T cells present in the culture may have overcome the inhibition by IL-10 produced by Tr1 cells, which usually are present in small numbers only.
As O. volvulus is known to carry endobacteria that produce LPS, the soluble antigen we applied might have been contaminated by LPS, and the effect we measured might have been influenced by LPS. In a previous report we have shown, however, that the antigen preparation and conditions employed in our study generated a virtually pure Th2-type of T-cell response, 26 whereas LPS-driven T-cell responses commonly are of the Th1 type. 27 In addition, Doetze et al. 23 have shown that T-cell responses in O. volvulus infection include the activation of Tr1 cells, which produce IL-10 and transforming growth factor (TGF). Therefore, we believe that the effect on PBC proliferation observed in our study was predominantly mediated by IL-10 produced by antigenreactive Tr1 cells and less so, if at all, by LPS-activated macrophages.
Compared to the previous data using LPS activation, the effects of the promoter variants observed in our study were small and variable. Whereas the genetic influence on LPS-induced IL-10 production was estimated to explain a proportion of variance of 0.5 and a heritability of 0.75, 10, 28 we found a proportion of variance explained (r 2 of QTDT) as small as 0.02 for the influence of the ATA haplotype on antigen-reactive proliferation. The reason may well be that, in contrast to the direct effect of LPS on macrophages, the effect of an antigen on IL-10 production by T cells is influenced by a number of variables, including antigen presentation, costimulatory activities, numbers of antigen-reactive Tr1 cells, and possible influences of concomitant infections. 1, 23, 29 Among these are influences by potentially crossreactive intestinal nematodes, which were found in approximately 70% of the study subjects, 22 whereas individuals concomitantly infested with extraintestinal helminths such as other filariae or schistosomes had been excluded from the study. Finally, TGF and additional members of the IL-10 subfamily, which were not investigated here, may have influenced PBC proliferation.
1,30 Therefore, we believe that the reduced genetic effect observed was due to substantial confounding factors.
Most of the previous studies on the influence of IL-10 promoter variants have relied on gross comparisons between clinically defined groups. Relevant clinical disease phenotypes in our study group were the presence of worm infection as indicated by the detection of microfilariae, the infection intensity reflected by the numbers of microfilariae, and the presence of skin lesions characteristic for O. volvulus infection. No significant associations were found between any of them IL-10 promoter variants and PBC antigen response C Timmann et al and the IL-10 promoter variants. In this context, it is of interest to note that a significant negative correlation was observed between PBC proliferation and microfilaria counts. 26 The lack of an IL-10 association would support the notion that the presence of microfilariae causes a suppression of PBC proliferation and not vice versa, in the sense that a primarily strong (and genetically influenced) PBC response would suppress worm development. Concerning the dermatitis phenotype, the lack of an IL-10 association may be explained by the finding that enhanced Th2-type responses rather than reduced immunosuppressive activities were found associated with the occurrence of skin lesions. 22 
Materials and methods
Study population
The study was conducted according to the human experimentation guidelines of the Declaration of Helsinki. The protocol was approved by the Ethics Committees of the Hamburg Board of Physicians and the School of Medical Sciences, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana. Informed consent was obtained from all persons involved in the studies. All procedures were explained in the local language. The study participants were recruited near Dunkwa, Central Region of Ghana, West Africa, in an area hyperendemic for onchocerciasis. 22, 26 Study villages and participants were selected for the absence of other filarial infections and schistosomiasis, respectively.
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Parasitological and immunological methods Skin microfilarial counts were assessed microscopically according to WHO recommendations. 31 PBC proliferation was determined in ex vivo whole-blood cultures. Heparin-anticoagulated peripheral blood was diluted 1:10 in Iscove's modified Dulbecco's medium (Gibco BRL Life Technologies) supplemented with 0.1% normal human AB serum, 100 IU/ml penicillin (Gibco), 100 mg/ ml streptomycin (Gibco), 80 mg/ml gentamicin (SigmaAldrich), 0.5 mg/ml amphotericin B (Gibco), and 15 IU/ ml of sodium-heparin (Braun), and was incubated with an extract of total fertile female O. volvulus worms (OvAg), 3 mg/ml or PHA, 10 mg/mL, for 6 days in triplicate in flat-bottom cell culture plates (Nunc). Cell proliferation was determined by the incorporation of [ 3 H]thymidine in cpm as described. 26 Classification of skin changes Skin lesions were classified according to Murdoch et al. 32 The clinical entities of acute papular onchodermatitis, chronic papular onchodermatitis, atrophy, and lichenified onchodermatitis were summarized as immunoreactive onchodermatitis. They were found to be characterized by pronounced IgE values, high peripheral blood eosinphil granulocyte counts, and elevated PBC proliferative responses. 22 Genotyping Genomic DNA was isolated from peripheral blood samples using standard procedures.
The single-nucleotide polymorphisms (SNPs) of the IL-10 promoter region at the positions -2849, -1082, -819, and -592 were typed by melting curve analyses of oligonucleotide hybridization with PCR-amplified frag- 
Statistical analysis
Linkage disequilibrium was calculated with the LDMAX utility of the GOLD program package, version 1.1.0. 33 The TDT for qualitative phenotypes was performed with the GENEHUNTER complete linkage analysis software version 2.1_r3 beta, and, for the quantitative TDT (QTDT), QTDT software version 2.4.3 was applied as described. 34, 35 Phenotype variances attributable to the effects of the genetic variants were expressed as explained proportion of variance (r 2 ) of the QTDT association. Overall empirical significance levels were achieved by adjustments of the permutation-test levels of the QTDT following the 'multilocus Monte Carlo approach to test for association' described by McIntyre et al. 
